Population-based colorectal cancer screening by fecal immunochemical testing over multiple rounds van der Vlugt, M.
Results
A total of 27,304 eligible individuals were invited for FIT screening, of whom 18,716 (69%) participated at least once. Of these, 3005 (16%) had a positive result from the FIT in 1 of the 4 screening rounds. In total, CRC was detected in 261 participants: 116 SD-CRCs and 145 non-SD-CRCs (27 FIT interval cancers, 9 colonoscopy interval cancers, and 109 CRCs in nonparticipants). The FIT interval cancer proportion after 3 completed screening rounds was 23% Participants with SD-CRC had more earlystage tumors than participants with non-SD-CRCs (P < .001). Of persons with SD-CRC and FIT interval cancers, significantly higher proportions survived (89% and 81% respectively), compared to persons with colonoscopy interval cancers (44% survival) and non-participants with CRC (60% survival) (P < .001).
Conclusions
In an analysis of data from a pilot FIT-based biennial screening program, we found that among persons screened by FIT, 23% developed FIT interval cancer. FIT therefore detects CRC with 77% sensitivity. The proportion of FIT interval cancers in FIT screening appears to be lower than that with guaiac fecal occult blood testing.
INTRODUCTION
Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths in the Western World [1, 2] . Approximately 50% of patients die from the disease [3] . Survival is strongly related to tumor stage at time of diagnosis, with a 5-year survival of 94% for stage I CRC to 8% for stage IV CRC [3] . Population-based CRC screening programs enable detection of CRC at an earlier stage (screendetected CRC;SD-CRC). Screening with fecal occult blood tests (FOBT) has been shown to reduce CRC-related mortality [4] [5] [6] .
Although FOBT screening is effective, not all CRCs will be detected within a screening program. A number of screening invitees will develop CRC in time although their cancer was not detected by FOBT: these are non-screen-detected CRCs (non-SD-CRC) [7] . These cancer cases partially consist of interval cancers: cancer cases detected after a negative screening examination and before the date of the next recommended screening [7] . Such cancers can be missed by the first-line screening test or during colonoscopy following a positive FOBT [7] . Other cancer cases will be detected in those who did not participate in screening.
Monitoring the incidence of interval cancers is regarded as an indicator of program sensitivity and FIT sensitivity. So far, most studies have reported interval cancers of programs using guaiacbased FOBT, showing high proportions of interval cancers. In such programs, the proportion of interval cancer cases ranged from 48% to 55% [5, 6, 8, 9] . These studies have shown better survival rates in screen-detected cancers than in interval cancers [10] .
As fecal immunochemical tests have a better diagnostic accuracy than guaiac-based FOBTs (gFOBTs), it is conceivable that interval cancer proportions are lower than those reported in gFOBT-based programs [11] . In this study, we report FIT interval cancers over multiple rounds of FIT screening.
METHODS/MATERIALS Population and design
Since 2006, 2 pilot programs of biennial FIT-based CRC screening have been conducted in the southwest and northwest regions of the Netherlands. These 2 cohorts were combined for a fourth pilot round of screening in 2014. Details about the design of these CRC screening programs have been reported previously [12, 13] . In 2006, we selected the initial 2 cohorts based on postal code areas within our regions, which were both rural and urban areas with a known average uptake in breast cancer screening. Since 2006, we used the same inclusion and exclusion criteria for both cohorts. In short, demographic data of all invitees between 50 and 74 years living in the target areas were obtained from municipal population registers. See Supplementary Table 1 for baseline invitee characteristics per region. No national screening program had been implemented at the start of this pilot program; the target population was screening-naive when first contacted. In the Netherlands, a national FIT-based CRC screening program has been gradually initiated from January 2014 onward. Invitees for the study cohort were not invited for the national CRC screening program.
Selected persons were invited for each consecutive round, except for those who had moved out of the area, those that had passed the upper age limit, institutionalized people, those with an 4 CHAPTER 4 estimated life expectancy of less than 5 years, those unable to give informed consent, and those who had tested positive in a previous screening round and had undergone a colonoscopy. In our information leaflet, persons with a history of inflammatory bowel disease or CRC were advised not to participate CRC screening and to report this to the screening organization.
Characteristics
Date of birth, sex, and postal codes of all invitees were collected from the municipal population register. Socioeconomic status was based on the "social status scores" that are available through the Netherlands Institute of Social Research (www.scp.nl). The postal code of the invitee was used to evaluate social status. The social status score of a postal code area was based on the unemployment rate, educational level, average income and position on the labor market. The average score is 0 and the 2006 standard deviation in the Netherlands was used to assign invitees to 1 of 3 categories: high (status scores >0.96), average (status scores between -0.96 and 0.96) and low SES (status scores <-0.96). The first available postal code of the invitee was used to categorize invitees.
Invitations and stool tests
Because of organizational and logistical issues, the time interval between rounds differed (median time between invitations was 2.37 years; interquartile range (IQR) 2.01 to 2.76). Invitations were sent between June 2006 and December 2014. Two different brands of stool tests were used in our cohort. In the first, second, and third round all invitees received an OC-Sensor (Eiken Chemical Co, Tokyo, Japan). In the fourth round (executed between March 2014 and February 2015), all invitees were randomly allocated to receive either an OC-Sensor or a FOB-Gold (Sentinel Diagnostics SpA, Milan, Italy) [14] . A hemoglobin (Hb) value of 10 µg Hb/g feces was used as the positivity threshold; this corresponds to 50 ng/ml buffer for OC-Sensor and 58 ng/ml buffer for FOB-Gold.
Test results
Screenees with a negative FIT result received a letter explaining that no blood had been detected in the stool sample and no follow-up was needed at that time. It was emphasized that the FIT is not 100% sensitive and that vigilance for symptoms of CRC remained important. Participants were instructed to contact their general practitioner in case of symptoms, despite the negative test result.
Screenees with a positive FIT result were invited for a consultation at the outpatient clinic to discuss the test result. During the intake at the outpatient clinic, for all persons who were FIT-positive, a colonoscopy was scheduled within 4 weeks. In some cases, patient-related circumstances lead to postponing the colonoscopy. All endoscopies were performed within 6 months and therefore, a timeframe of 6 months after a positive FIT was used for the definition of screen-detected cancers.
Follow-up colonoscopy and colorectal lesions
The colonoscopy was performed per international quality standards; quality parameters were collected in a database [15] . To describe the quality of the bowel preparation, a 4-point scale was
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FIT INTERVAL CANCERS IN COLORECTAL CANCER SCREENING used: excellent, good, fair, poor. Excellent and good were considered as sufficient and fair and poor were considered as insufficient bowel preparation. Since 2013, the Boston Bowel preparation scale (BBPS) was used with BBPS≥ 6 considered as sufficient bowel preparation. Cecal intubation was confirmed by photo documentation of cecal landmarks. All endoscopists were experienced, and had performed at least 1,000 colonoscopies. Advice regarding surveillance colonoscopy after removal of adenomatous polyps, large (≥10 mm) serrated lesions or cancer was given to the participant according to the Dutch Guideline Colonoscopy Surveillance [16] . Data on the location, size, macroscopic aspects, and morphology, as well as details on the technique for polypectomy and endoscopic assessment of radicality were recorded for all colorectal lesions detected during colonoscopy. Tumor location was categorized as either proximal or distal to the splenic flexure. Collected lesions were evaluated by an experienced gastrointestinal pathologist, using the Vienna criteria [17] . Cancers were staged per the seventh edition American Joint Committee on Cancer classification [18] .
Screen-detected cancers, non-screen detected cancers and the general population
After finishing the fourth screening round, the cohort was linked to the Netherlands Cancer Registry, managed by the Netherlands Comprehensive Cancer Organisation (up to date until March 31, 2015) . Since 1989, the Netherlands Cancer Registry registers all participants diagnosed with cancer in the Netherlands and provides a unique and fully covered database. Data on tumor stage, location (at time of resection) and survival status were collected for all identified CRC cases. Definition of SD-CRC and non-SD-CRC are depicted in Table 1 . A colonoscopy interval cancer within a FIT screening program was defined as a cancer diagnosed after negative colonoscopy after a positive FIT within the surveillance interval. We defined a reference group consisting of all persons with CRC diagnosed in the Netherlands general population during the same period and in the same age range (50-76 years) who had not been offered CRC screening. The upper range of 76 years was chosen based on the median time between invitations and the upper age limit for eligibility (74 + 2.37 years). Participants with CRC detected at a scheduled surveillance colonoscopy as well as CRC in screening participants with a positive FIT who declined to undergo a subsequent colonoscopy are reported separately.
The median time between invitations (2.37 years; IQR 2.01-2.76) was used as a cutoff to categorize participants within the FIT interval cancer category. If a participant had a negative FIT and developed a CRC but had not yet been invited for the consecutive round this was categorized as a FIT interval cancer. If a participant had a negative FIT and was not invited for a consecutive round (due to having passed the upper age limit, or having moved out of the area) but developed a CRC within the 2.37 years interval (the median time between invitations), this was categorized as a FIT interval cancer. Those who were not compliant with the FIT screening program were not defined as an interval CRC, because there cannot be an interval CRC if the individual did not undergo initial testing [7] and was not included in the analysis.
Data on the general population and on nonparticipants (because there was no informed consent) were anonymously analyzed and subsequently delivered to us by the Netherlands Comprehensive 4 CHAPTER 4 Cancer Organisation. Data on follow-up time, in days after diagnosis, and SES are not available for these groups.
Data-analysis
The proportion of FIT interval cancers was calculated by dividing the number of FIT interval cancers by the sum of SD-CRC and FIT interval cancers. The proportion was calculated over 3 completed screening rounds so SD-CRC cases detected within the first 3 screening rounds were selected and the total number of FIT interval cancers occurring after these rounds. FIT CRC sensitivity was calculated as 1-FIT interval cancer proportion.
Median follow-up for participants with SD-CRC, FIT interval cancers, and colonoscopy interval cancers was calculated from date of diagnosis to death or considered censored at the end of follow-up (March 31, 2015). Median follow-up could not be calculated for the general population and for nonparticipants because no data on follow-up in days after diagnosis was available nor the exact date of diagnosis; only the year of diagnosis of these cases was provided. Survival after diagnosis was only estimated for participants with SD-CRC, FIT interval cancers, and colonoscopy interval cancers.
Differences in proportions between groups were evaluated for statistical significance using the χ2-test statistic. Kaplan-Meier was used to estimate for survival with accompanying confidence intervals. P-values <.05 were considered to indicate statistically significant differences. Data analysis was performed using SPSS 23 for Windows (Chicago, Ill).
Ethics approval
Approval for the study was provided by the Dutch National Health Council (WBO 2642467, 2832758, 3049078 and 161536-112008, The Hague, The Netherlands). All authors had access to the study data and reviewed and approved the final manuscript. General population The reference group was defined as all persons diagnosed with CRC in the Netherlands population during the same period and in the same age range (50-76 years), whom were not offered CRC screening.
FIT INTERVAL CANCERS IN COLORECTAL CANCER SCREENING

RESULTS
A total of 27,304 members of the target population were eligible for FIT screening, of whom 18,716 (69%) participated at least once ( Figure 1 ). Of these, 3,005 (16%) had a positive FIT in 1 of the 4 screening rounds and 2,762 subsequently underwent a colonoscopy (92% adherence). In the total cohort of 27,304, CRC was detected in 269 invitees: in 160 participants (60%) and in 109 who never participated (40%). The cancers detected in the 160 participants were 116 SD-CRCs (72%), 27 FIT interval cancers (17%), 9 colonoscopy interval cancers (6%), 5 CRCs in FIT-positive participants not adhering to colonoscopy (3%) and 3 CRCs detected at surveillance (2%) . These last 2 groups -with a total of 8 CRCs -were excluded from further analyses.
FIT interval cancer proportion and FIT CRC sensitivity
The FIT interval cancer proportion was 23% (27 FIT interval cancers versus 89 SD-CRC after 3 completed screening rounds), reflecting a FIT sensitivity for detecting CRC of 77%. FIT levels of participants with SD-CRCs and FIT interval cancers are shown in Supplementary Table 2 ; 31% of those with a SD-CRC had a positive FIT between the range of 10 to 46 µg Hb/g feces. Twelve participants (44%) with a FIT interval cancer had undetectable hemoglobin concentrations at the time of the last screening. For FIT interval cancers, Supplementary Table 3 shows the quantitative FIT level per case, the total number of rounds they participated and after which round the FIT interval cancer was diagnosed. Table 2 summarizes the characteristics of SD-CRC and non-SD-CRC separately. No significant differences were found for age at diagnosis between participants with SD-CRC and individuals with non-SD-CRC (P = .83) ( Table 2) . A colonoscopy interval cancer was detected more often in women Figure 1 . Flowchart of the 4 rounds of FIT-based CRC screening including screen-detected and nonscreen-detected colorectal cancers among participants (participating at least once) and non-participants (never participated).
Participant demographics
4 CHAPTER 4 than in men (56% versus 44%), but this difference was not statistically significant. There were also no significant differences in SES among the groups (P = .76). The age and sex distribution was comparable with that of the general population (not tested for statistical significance). Among the 9 participants with a colonoscopy interval cancer, the colonoscopies were reported as complete with cecal intubation. In 6 cases sufficient bowel preparation was reported, in 3 cases this data were missing. Three participants received a colonoscopy surveillance advice, but developed a CRC within this interval. One person received an advice of a 3-year interval and 1 person a 6-year interval, and both recommendations were in agreement with the Dutch Surveillance Guideline of 2008. One person received an adjusted advice of a 1-year surveillance interval because multiple adenomas were removed at index colonoscopy. Six participants were advised a 10-year screening interval as per protocol (See Supplementary Table 4) .
Tumor location and stage distribution
Tumor location and CRC stage distribution are described in Table 3 and Figure 2 . Screen-detected CRC, FIT interval cancers, and CRC in nonparticipants were mostly located in the distal colon (71%, 63%, 62%, respectively), whereas colonoscopy interval cancers were more often located in the proximal colon (78%; P = .063).
The stage distribution differed significantly between the 4 groups, with more favorable stages in participants with SD-CRC (P < .001). Stage distribution was similar for participants with FIT interval CRC and for nonparticipants with CRC (P = .39). Participants with FIT interval cancers had more advanced stages than SD-CRC (P= .019). Tumor location and stage distribution in nonparticipants with CRC were comparable to those not offered screening (see Table 3 ). 
Survival
Median follow up after diagnosis for SD-CRC, FIT-interval cancers, and for colonoscopy interval cancers was 46.1 months (IQR 18.1 to 72.1 months). There was a significant difference in survival between SD-CRC, FIT interval cancers, and colonoscopy interval cancers (P < .001; Figure 3 ). Those with colonoscopy interval cancers had the lowest survival: survival at 24 months was 67% (95% [7] . For definitions see Table 1 .
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CI 35-88%) compared to 85% (95% CI 68-94%) for FIT interval cancers and 93% (95% CI 87-96%) for SD-CRCs. Survival at 36 months was 56% (95% CI 27-81%), 85% (95% CI 68-94) and 91% (95% CI 85-95%) respectively. Table 4 list the number of deaths in the respective groups. The number of deaths among persons with FIT interval cancers was lower than among non-participants with CRC and those not offered CRC screening (19% vs 40% and 35% respectively). 
DISCUSSION
This study confirms that the proportion of interval cancers in FIT-based CRC screening seems to be lower than in guaiac-based fecal occult blood testing. Over 4 rounds of screening, fewer than 1 in 4 cancer cases comprised of FIT interval cancers. We observed a more favorable survival for participants with FIT interval cancers than for the population that was not offered screening (ie general population). Participants with a colonoscopy interval cancer had the worst outcome, which amplifies the importance of colonoscopy quality control.
We are the first to describe interval cancers in a FIT-based screening program with long-term follow-up. Our cohort is sampled from an average-risk population, comprising all age ranges commonly invited for CRC screening programs worldwide, which makes our results applicable for many countries considering CRC screening. This population was screen-naive when first approached, without the presence of any other CRC screening initiatives in the population. All data were prospectively collected and all invitees were linked to the Netherlands Cancer Registry by the Netherlands Comprehensive Cancer Organization to identify all non-SD-CRCs.
The success of a FIT-based CRC screening program not only depends on FIT test characteristics (sensitivity and specificity) but also on adherence to screening with FIT and to follow-up colonoscopy in persons who are FIT-positive. Within our pilot study, high participation rates and high colonoscopy adherence rates were achieved, resulting in a substantial number of persons diagnosed with SD-CRC. To fully appreciate the reported data of this research study, these adherence rates should be confirmed in the setting of an organized population-based screening program. In 2014, in the Netherlands a national FIT-based CRC screening program was implemented, resulting in even higher participations rates: 73% in 2015. Excluding those for whom colonoscopy was not recommended (n = 2637) during intake, uptake of colonoscopy was 83.1% [19 ] . This confirms that the high performance indicators achieved within the pilot study could possibly also be achieved in the setting of the national organized FIT-based screening program.
To fully appreciate our findings, some limitations also need to be addressed. Little information was available about nonparticipants dying of CRC in our cohort, as these data were delivered anonymously for privacy reasons. Consequently, their SES could not be assessed. Previous studies CHAPTER 4 have shown that especially socioeconomically deprived persons are less likely to take part in CRC screening, even though they presumably are at a higher risk of developing CRC due to poor general health [20, 21] . Last, their date of diagnosis could not be related to the date of invitation. It is possible that a person had already been diagnosed with CRC before being invited for screening. In such case, refraining from participation would have been a justified decision. Because FIT is more sensitive in detecting advanced neoplasia than gFOBT, one would expect lower interval rates for FIT. A previous Scottish FIT-based study, however, reported a FIT interval cancer proportion of 51% using a cutoff of 80 µg Hb/g feces [22] . Italian researchers reported a FIT interval cancer proportion of 31% using a cutoff of 20 µg Hb/g feces after two rounds of FIT screening [23] . Our lower proportion of FIT interval cancers could probably be explained by the substantially lower cutoff (10 µg Hb/g feces), thereby detecting CRCs already at low Hb concentration. In our study, 31% of all SD-CRCs had low Hb concentration of < 47 µg Hb/g feces. The Scottish study investigated the effect of different cutoff levels of fecal-Hb on interval cancer proportions and colonoscopy demand. It reported an interval cancer proportion of 51% at a cut-off of 80 µg Hb/g feces vs a proportion of 38% using a cutoff of 10 µg Hb/g feces with a significant increase in number of required colonoscopies for the latter cutoff [22] . Hence, choosing a very low positivity cutoff leads to a higher number of SD-CRCs and lower proportion of FIT interval cancers, at the cost of increased colonoscopy demand and increased numbers false positives [22] .
Our results showed no evidence for gender differences in interval cancer rates, although previous studies have shown higher rates of interval cancers among women [8, [23] [24] [25] . As in other studies, CRC was detected less frequently in women. Notably, more women had a colonoscopy interval cancer than men (56% versus 44%), yet this difference did not reach statistical significance. These results are in line with a Spanish study, reporting SD-CRC and interval cancers during 4 rounds of FOBT screening mainly using gFOBT and FIT in a small proportion of screenees [9] . The Scottish researchers also reported higher rates of FIT interval cancers in women, without reaching statistical significance [22, 24] .
Previous gFOBT-based studies have shown that most SD-CRC cases were at an early stage, resulting in a better survival than observed in non-screen-detected cancer cases [4, 5, 10, 26] . In our study most screen-detected cases were stage I cancers which confirms the findings of previous studies [9, 10, 24, 27] .
In our FIT-based program, a higher percentage of stage I CRC were found than in previously reported gFOBT screening programs. This could possibly be explained by the relatively low FIT cutoff and the higher sensitivity of FIT. Comparable early-stage distributions in FIT screening have been reported [22, 26] . Most detected tumors were located distally, except for colonoscopy interval cancers, which were mainly located in the proximal colon. These findings are also in line with previous studies [9, 28] .
In contrast to previous literature reporting that prognosis of nonparticipants with CRC is poorer than that of participants with symptomatically diagnosed CRC, we did not observe this from our data [5, 24] . The number of deaths was significantly lower in participants with FIT interval cancers than in nonparticipants with CRC. This is in contrast with findings of an English study, which reported similar outcomes for gFOBT interval cancers and a control group [8] . Persons diagnosed with FIT
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FIT INTERVAL CANCERS IN COLORECTAL CANCER SCREENING interval cancers showed better survival as compared to nonparticipants and the general population. This implies that the theoretical risk of persons seeking delayed medical consultation in case of the development of abdominal symptoms due to false reassurance caused by a recent negative FIT result seems, fortunately, to have no immediate negative effect on all-cause mortality within our cohort. These findings should be interpreted with caution because, in theory, FIT participants could have been in better health than the general population, resulting in a selection bias.
In our cohort, 9 colonoscopy interval cancers were detected between 2006 and 2015, resulting in a colonoscopy interval cancer rate of 7.2%. Although the surprisingly high occurrence of colonoscopy interval cancers needs further attention, the rate is comparable to that in previously published screening studies, including another FIT-based program, reporting rates between 2% to 8 % [27, [29] [30] [31] [32] . As most colonoscopy interval cancers were detected in the proximal colon, we should consider procedural factors, especially missed lesions (for instance due to inadequate bowel preparation). In 30% of all persons diagnosed with colonoscopy interval cancers in our study, the bowel preparation score was not mentioned in the report. Because both FIT interval cancers (reflecting FIT CRC sensitivity) and colonoscopy interval cancers (partially reflecting quality of the colonoscopy) are important for the quality and success of a screening program, both should be carefully monitored.
Five participants who refused colonoscopy after a positive FIT were later diagnosed with CRC. Unfortunately, no information on the reason for refusal was available. To facilitate early detection of these CRCs, additional strategies to inform participants about the need for follow-up after a positive FIT should be developed. Modifiable determinants for nonadherence to endoscopy, such as embarrassment, lack of knowledge about CRC, fear of the procedure, or inconvenience should be discussed. Other strategies could be built on sending all nonrespondents after a positive FIT result an additional information leaflet, or to offer them a consultation by phone.
Overall, our results support the effectiveness of FIT screening programs with improved survival of screen-detected cancers and lower proportions of interval cancers than in guaiac-based fecal occult blood testing. Participants with colonoscopy interval cancer had the worst outcome, which amplifies the importance of colonoscopy quality control within screening programs.
